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1Measurement of Branhing Frations and Spetral Funtions in  Deays
Mihel Davier
a
a
Laboratoire de l'Aelerateur Lineaire, IN2P3/CNRS-Universite de Paris-Sud,
BP34, 91898 Orsay, Frane
Full LEP-I data olleted by the ALEPH detetor during 1991-1995 running are analyzed in order to measure
the  deay branhing frations and the hadroni spetral funtions. The analysis follows the global method used
in the published study based on 1991-1993 data, with several improvements, espeially onerning the treatment
of photons and 
0
's. Extensive systemati studies are performed, in order to math the large statistis of the data
sample orresponding to 327148 measured and identied  deays. Preliminary values for the branhing frations
are obtained for the 2 leptoni hannels and 11 hadroni hannels dened by their respetive numbers of harged
partiles and 
0
's. Using previously published ALEPH results on nal states with harged and neutral kaons,
orretions are applied so that branhing ratios for exlusive nal states without kaons are derived. Some physis
impliations of the results are given, in partiular onerning universality in the leptoni harged weak urrent,
isospin invariane in a
1
deays, and the separation of vetor and axial-vetor omponents of the total hadroni
rate. Spetral funtions are obtained for the main exlusive hannels and the total inlusive rate, with separation
of the vetor and axial-vetor states.
1. Introdution
A omplete and nal analysis of  deays is pre-
sented using a global method. All data reorded
at LEP-I with the ALEPH detetor are used,
thus providing an update of those previous results
whih were based on partial data sets. The in-
rease in statistis |the full sample orresponds
to about 2.5 times the luminosity used in the
last published global analysis [1,2℄| not only
allows for a redution of the dominant statisti-
al error but, more importantly, provides a way
to better study and orret systemati biases.
Several improvements of the method have been
introdued in order to ahieve a better ontrol
over the most relevant systemati unertainties:
simulation-independent measurement of the 
seletion eÆieny, improved photon identia-
tion espeially at low energy where the separa-
tion between photons from  deays and fake
photons from utuations in hadroni or eletro-
magneti showers is deliate, a new method to
orret the Monte Carlo simulation for the rate
of fake photons, and striter riteria for hannels
with low branhing frations. For onsisteny and
in order to maximally prot from the improved
analysis all data sets reorded from 1991 to 1995
have been reproessed. The results presented in
this paper thus supersede those already published
in Ref. [3,1,2℄. Only the measurements on nal
states ontaining kaons, whih were already based
on the full statistis, remain unhanged [6{9℄.
2. Experimental method
2.1. The data and simulated samples
A detailed desription of the ALEPH detetor
an be found elsewhere [10,11℄.
Tau-pair events are simulated by means of a
Monte Carlo program whih inludes initial state
radiation omputed up to order 
2
and exponen-
tiated, and nal state radiative orretions to or-
der  [12,13℄. The simulation of the subsequent
 deays also inludes single photon radiation for
the deays with up to three hadrons in the nal
state.
The data used in this analysis have been
reorded at LEP I in 1991-1995, for a total num-
ber of deteted  deays of 3:3  10
5
.
22.2. Seletion of  events
The prinipal harateristis of  events are
low multipliity, bak-to-bak topology and miss-
ing energy. Eah event is divided into two hemi-
spheres by an energy ow algorithm [11℄ whih
alulates all the visible energy avoiding double-
ounting between the TPC and the alorime-
ter information. Cuts on the kinemati vari-
ables of the two hemispheres are used to veto
Bhabha, muon-pair, hadroni Z and -indued
events [14,1,2℄.
We use the 'break-mix' method introdued for
the determination of the  ross setion [14℄ to
measure the eÆieny of all the seletion uts.
For every ut, one hemisphere of the event is
hosen judiiously so that it is unbiased with re-
spet to the ut under study and free of non-
bakgrounds. This proedure selets the opposite
hemisphere as an unbiased  deay whih is then
stored away. Pairs of seleted hemispheres are
ombined to onstrut a  event sample built
ompletely from data. This sample is used to
measure the eÆieny of the given ut.
The measured eÆienies are found to be very
lose to those obtained by the simulation, devi-
ations being at most at the few per mille level.
This situation stems from the fats that the 
deay dynamis is |apart from small branhing
ratio hannels| very well known, the seletion
eÆienies are large and the simulation of the de-
tetor is adequate. The overall seletion eÆieny
of  events is 78.8 %. This value inreases to
91.9 % when the  angular distribution is re-
strited to the detetor polar aeptane, giving
a better indiation for the eÆieny of the uts
designed to exlude non- bakgrounds. In ad-
dition, when expressed relatively to eah  deay,
the seletion eÆienies are weakly dependent on
the nal state, with a total relative span of only
10 % for the 13 onsidered deay topologies.
2.3. Estimation of non- bakgrounds
A new method |already implemented for the
measurement of the  polarization [15℄| has been
developed to diretly measure in the nal data
samples the ontributions from the major non-
 bakgrounds. The proedure does not require
an absolute normalization from the Monte Carlo
simulation of these hannels, but only a quali-
tative desription of the distribution of the dis-
riminating variables. The basi idea is to apply
uts on the data in order to redue as muh as
possible the  population while keeping a high
eÆieny for the bakground soure under study,
i.e. the reverse of what is done in the  sele-
tion. The non- bakgrounds in eah hannel are
listed in Table 1. They amount to a total fration
of (1:23 0:04) % in the full data sample.
2.4. Charged partile identiation
Charged partile identiation is ahieved with
a likelihood method inorporating the informa-
tion from the relevant detetors. In this way,
eah harged partile is assigned a set of prob-
abilities from whih a partile type is hosen. No
attempt is made in this analysis to separate kaons
from pions in the hadron sample sine nal states
ontaining kaons have been previously studied [6{
8℄. The performane of the partile identiation
has been studied in detail using ontrol samples
of Bhabha events,  pairs, -indued lepton
pairs and hadrons from 
0
-tagged  deays over
the full angular and momentum range [1℄.
2.5. Photon identiation
The high ollimation of  deays at LEP ener-
gies quite often makes photon reonstrution dif-
ult, sine these photons are lose to one another
or lose to the showers generated by harged
hadrons. Of partiular relevane is the reje-
tion of fake photons whih may our beause
of hadroni interations, utuations of eletro-
magneti showers, or the overlapping of several
showers. These problems reah a tolerable level
thanks to the ne granularity of ECAL, in both
transverse and longitudinal diretions, but nev-
ertheless they require the development of proper
and reliable methods in order to orretly identify
photon andidates.
A likelihood method is used for disriminat-
ing between genuine and fake photons. For ev-
ery luster above a threshold of 300 MeV, an
estimator P

is dened, P

= 0; 1 orrespond-
ing to fake and real photons,respetively. It
is onstruted using probability densities of dis-
riminating variables obtained by simulation, but
3orreted through detailed omparisons between
data and Monte Carlo. Major improvements were
introdued at this stage in the analysis ompared
to the previous one [2℄, mainly in the hoie
of variables and in the use of energy-dependent
referene distributions. Better photon energy
alibration is ahieved ompared to the previ-
ous analysis. Photon onversions are also reon-
struted.
2.6. 
0
reonstrution
Three dierent kinds of 
0
's are reonstruted:
resolved 
0
from two-photon pairing, unresolved

0
from merged lusters, and residual 
0
from
the remaining single photons after removing ra-
diative, bremsstrahlung and fake photons with a
likelihood method.
After the pairing and the luster moment anal-
ysis, all the remaining photons inside a one of
30
Æ
around the jet axis are onsidered. Radia-
tive and bremsstrahlung photons are seleted us-
ing a likelihood method and are kept separate in
the  deay lassiation disussed below. The
identiation of nal state radiative photons in
hadroni hannels is a diÆult task and and to a
large extent the analysis relies on the desription
of radiation at the generator level in the Monte
Carlo [16℄.
2.7. Deay lassiation
Eah  deay is lassied topologially aord-
ing to the number of hadroni harged traks,
their partile identiation and the number of

0
's reonstruted. While for 1-prong and 5-
prong hannels the exat multipliity is required,
the trak number in 3-prong hannels is allowed
to be 2, 3 or 4, in order to redue systemati ef-
fets due to traking and seondary interations.
The denition of the leptoni hannels requires
an identied eletron or muon with any number
of photons. Hemispheres rejeted by spei uts
are put in a speial lass, labelled 14, whih does
not orrespond to a nominal physial  deay
mode. The numbers of  's lassied in eah of the
onsidered deay hannels are listed in Table 1.
The KORAL07 generator [12℄ in the Monte
Carlo simulation inorporates all the deay modes
onsidered in this analysis, exept for the h4
0
Table 1
Numbers of reonstruted and estimated non-
bakground events in 1991-1993 and 1994-1995
data sets in the dierent onsidered topologies.
lass 91-93 94-95
e 22405 598  46 33100 745 58
 22235 409  45 32145 380 40
h 15126 93 11 22429 100 13
h
0
32282 141  22 49008 178 26
h2
0
12907 44 9 18317 81 16
h3
0
2681 26 7 3411 35 9
h4
0
458 12 3 499 19 5
3h 11610 87 20 17315 129 30
3h
0
6467 97 23 9734 165 39
3h2
0
1091 27 7 1460 36 10
3h3
0
124 13 4 150 25 7
5h 60 3 1 105 7 2
5h
0
36 16 5 59 21 6
14 4834 249  38 7100 303 52
sum 132316 1815  86 194832 2224  107
deay hannel for whih a separate generation was
done using a phase spae model. The omplete
behaviour between the generated deays and their
reonstruted ounterparts using the deay lassi-
ation is embodied in the eÆieny matrix. This
matrix "
ji
gives the probability of a  deay gen-
erated in lass j to be reonstruted in lass i.
Obtained initially using the simulated samples, it
is orreted for eets where data and simulation
an possibly dier, suh as partile identiation
and photon identiation. For the latter eet,
a detailed proedure has been developed in or-
der to orret the simulation of fake photons by
omparison with data.
3. Results
3.1. Determination of the branhing ratios
The branhing ratios are determined using
n
obs
i
  n
bkg
i
=
X
j
"
ji
N
prod
j
(1)
B
j
=
N
prod
j
P
j
N
prod
j
(2)
4where n
obs
i
is the observed events number in re-
onstruted lass i, n
bkg
i
the non- bakground in
reonstruted lass i, "
ji
the eÆieny of a pro-
dued lass j event reonstruted as lass i, and
N
prod
j
the produed events number of lass j. The
lass numbers i, j run from 1 to 14, the last one
orresponding to the rejeted  andidates.
The analysis assumes a standard  deay de-
sription. One ould imagine unknown deay
modes not inluded in the simulation, but sine
large detetion eÆienies are ahieved in the 
seletion whih is therefore robust, it would be
diÆult for these deays to pass unnotied. An
independent measurement of the branhing ratio
for undeteted deay modes, using a diret searh
with a one-sided  tag, was done in ALEPH [17℄,
limiting this branhing ratio to less than 0.11%
at 95% CL. This result justies the assumption
that the sum of the branhing ratios for visible 
deays is equal to one.
The branhing ratios are obtained and listed in
Table 2. The most important systemati uner-
tainties originate from photon identiation and

0
reonstrution, and seondary interations.
3.2. From reonstruted lasses to exlu-
sive modes
The 13 lasses orresponding to major  de-
ay modes still ontain the ontributions from -
nal states involving kaons. The latter are oming
from Cabibbo-suppressed  deays or modes with
a KK pair, both haraterized by small branh-
ing ratios ompared to the nonstrange modes
without kaons. Complete analyses of  deays
involving neutral or harged kaons have been per-
formed by ALEPH on the full LEP I data [6{8℄.
They are summarized and measurements withK
0
S
and K
0
L
are ombined in Ref. [9℄.
The  deays involving  or ! mesons also re-
quire speial attention in this analysis beause
single photons in their eletromagneti deay
modes are treated as 
0
andidates. Corretions
are applied, based on spei measurements by
ALEPH [18℄ and CLEO [20℄ of  deay modes
ontaining those mesons. This bookkeeping takes
into aount all the major deay modes of the
onsidered mesons [19℄, inluding the isospin-
violating ! ! 
+

 
deay mode. Some muh
smaller ontributions 3(; !) have been identi-
ed and measured by CLEO [21℄. Even though
the orretions from these hannels are very small
they have been inluded for the sake of omplete-
ness. Finally, another very small orretion has
been applied to take into aount the a
1
radiative
deay into  [22℄.
3.3. Overall onsisteny test
Rejeted  hemispheres beause of harged par-
tile identiation uts (2 GeV minimum mo-
mentum and ECAL rak veto for some 1-prong
modes, strit denition of higher multipliity
hannels) are plaed in lass 14. As already em-
phasized, this sample does not orrespond to a
nominal  deay mode and should be explained by
all other measured frations in the other lasses
and the eÆieny matrix. Thus the determina-
tion of a hypothetial signal in this lass is a
measure of the level of onsisteny ahieved in
the analysis.
For this determination the eÆieny of the pos-
sible signal in lass 14 is taken to be 100%. The
results, already shown in Table 2 separately for
the 1991-1993 and 1994-1995 data sets, are on-
sistent and are ombined to give B
14
= (0:066
0:042 %. This value is onsistent with zero and
provides a good hek of the overall proedure
at the 0.1% level for branhing ratios. It oin-
ides, approximately and aidentally, with the
limit ahieved of 0.11% at 95% CL in a diret
searh for `invisible' deays not seleted in the
13-hannel lassiation. In the following it is
assumed that all  deay modes have been prop-
erly onsidered at the 0.1% preision level and no
physis ontribution beyond standard  deays is
further allowed. Thus the quantity B
14
is now
onstrained to be zero.
It an be further notied that this analysis pro-
vides a branhing ratio in the 33
0
lass whih
is onsistent with zero (see Table 2). The re-
sult is therefore given as an upper limit at 95%
CL, B
33
0
< 4:9 10
 4
, onsistent with the mea-
surement made by CLEO [23℄ yielding B
33
0
=
(2:20:5) 10
 4
. The nal state is dominated by 
and ! resonanes [23℄ and using other hannels al-
lows one to obtain a lower limit for this branhing
ratio, (2:60:4) 10
 4
. In the following a value of
5Table 2
Branhing ratios (%) for the reonstruted topologies (quasi-exlusive modes) from 1991-1993 and 1994-
1995 data sets; the rst error is statistial and the seond is systemati.
lass 91-93 94-95
e 17.859  0.112  0.058 17.799  0.093  0.045
 17.356  0.107  0.055 17.273  0.087  0.039
h 12.238  0.105  0.104 12.058  0.088  0.083
h
0
26.132  0.150  0.104 26.325  0.123  0.090
h2
0
9.680  0.139  0.124 9.663  0.107  0.105
h3
0
1.128  0.110  0.086 1.229  0.089  0.068
h4
0
0.227  0.056  0.047 0.163  0.050  0.040
3h 9.931  0.097  0.072 9.769  0.080  0.059
3h
0
4.777  0.093  0.074 4.965  0.077  0.066
3h2
0
0.517  0.063  0.050 0.551  0.050  0.038
3h3
0
0.016  0.029  0.020 -0.021  0.023  0.019
5h 0.098  0.014  0.006 0.098  0.011  0.004
5h
0
0.022  0.010  0.009 0.028  0.008  0.007
14 0.017  0.043  0.042 0.099  0.035  0.037
(3 1) 10
 4
is used as input for this hannel and
the global analysis is performed in terms of the
remaining 12 dened hannels whih are retted.
3.4. Final ombined results
The two sets of results are onsistent and are
nally ombined in Table 3.
The branhing ratios obtained for the dierent
hannels are orrelated with eah other. On one
hand the statistial utuations in the data and
the Monte Carlo samples are driven by the multi-
nomial distribution of the orresponding events,
produing well-understood orrelations . On the
other hand the systemati eets also indue im-
portant and nontrivial orrelations between the
dierent hannels. All the systemati studies
were done keeping trak of the orrelated vari-
ations in the nal branhing ratio results, thus
allowing a proper propagation of errors.
The present results are onsistent with those
of the previously published ALEPH analysis [1,
2℄. The leptoni branhing ratios also agree
within errors with the results of an independent
ALEPH analysis whih does not rely on a global
method [24℄.
4. Disussion of the results
4.1. Comparison with other experiments
Figs. 1, 2, 3, 4 show that the results of this
analysis are in good agreement with those from
other most preise experiments. In all these ases,
ALEPH ahieves the best preision.
4.2. Universality in the leptoni harged
urrent
4.2.1. -e universality from the leptoni
branhing ratios
In the standard V-A theory with leptoni ou-
pling g
l
at the Wl
l
vertex, the  leptoni par-
tial width an be omputed, inluding radiative
orretions [25℄ and safely negleting neutrino
masses:
 ( ! 

l
l
()) =
G

G
l
m
5

192
3
f

m
2
l
m
2


Æ

W
Æ


; (3)
where
G
l
=
g
2
l
4
p
2M
2
W
Æ

W
= 1 +
3
5
m
2

M
2
W
Æ


= 1 +
(m

)
2

25
4
  
2

6Table 3
Combined results for the exlusive branhing ra-
tios (B) for modes without kaons. The ontribu-
tions from hannels with  and ! are given sep-
arately, the latter only for the eletromagneti !
deays. All results are from this analysis, unless
expliitly stated. The values labelled * and **,***
are taken from ALEPH [18℄ and CLEO [21,20℄,
respetively.
mode B 
stat
 
syst
[%℄
e 17.837  0.072  0.036
 17.319  0.070  0.032

 
10.828  0.070  0.078

 

0
25.471  0.097  0.085

 
2
0
9.239  0.086  0.090

 
3
0
0.977  0.069  0.058

 
4
0
0.112  0.037  0.035

 

 

+
9.041  0.060  0.076

 

 

+

0
4.590  0.057  0.064

 

 

+
2
0
0.392  0.030  0.035

 

 

+
3
0
(estim.) 0.013  0.000  0.010
3
 
2
+
0.072  0.009  0.012
3
 
2
+

0
0.014  0.007  0.006

 

0


0.180  0.040  0.020

 
2
0


0.015  0.004  0.003

 

 

+


0.024  0.003  0.004
a
 
1
(! 
 
) (estim.) 0.040  0.000  0.020

 
!(! 
0
; 
+

 
)

0.253  0.005  0.017

 

0
!(! 
0
; 
+

 
)
;
0.048  0.006  0.007

 
2
0
!(! 
0
; 
+

 
)

0.002  0.001  0.001

 

 

+
!(! 
0
; 
+

 
)

0.001  0.001  0.001
f(x) = 1  8x+ 8x
3
  x
4
  12x
2
lnx (4)
Numerially, the W propagator orretion and
the radiative orretions are small: Æ

W
= 1 +
2:9  10
 4
and Æ


= 1 + 43:2  10
 4
.
Taking the ratio of the two leptoni branhing
frations, a diret test of -e universality is ob-
tained. The measured ratio
B

B
e
= 0:9709 0:0060 0:0029 (5)
agrees with the expetation whih is equal to
0.97257 when universality holds. Alternatively
the measurements yield the ratio of ouplings
g

g
e
= 0:9991 0:0033 (6)
17 18 19 20
B(eνν–) (%)
ALEPH 89-90
ARGUS
ALEPH 91-93
CLEO 97
DELPHI 91-95
OPAL 91-95
L3 91-95
ALEPH 91-95  Prel.
average
18.09±0.45±0.45
17.5±0.3±0.5
17.79±0.12±0.06
17.76±0.06±0.17
17.877±0.109±0.11
17.81±0.09±0.06
17.806±0.104±0.076
17.837±0.072±0.036
17.823±0.051
Figure 1. Comparison of ALEPH measurement
with published preise results from other experi-
ments for  ! e.
whih is onsistent with one.
This result is in agreement with the best test
of -e universality of the W ouplings obtained
in the omparison of the rates for  ! 

and
 ! e
e
deays, where the results of the two most
aurate experiments [26,27℄ an be averaged to
yield
g

g
e
= 1:0012  0:0016. The results have
omparable preision, but it should be pointed
out that they are in fat omplementary. The 
result given here probes the oupling to a trans-
verse W (heliity 1) while the  deays measure
the oupling to a longitudinal W (heliity 0). It
is indeed oneivable that either approah ould
be sensitive to dierent nonstandard orretions
to universality.
4.2.2. Tests of - and -e universality
Comparing the rates for  ( ! 

e
e
()),
 ( ! 



()) and  ( ! 

e
e
()) provides
diret tests of the universality of  --e ouplings.
Taking the relevant ratios with alulated radia-
717 18 19
B(µνν–) (%)
ALEPH 89-90
ARGUS
OPAL 90-92
ALEPH 91-93
CLEO
DELPHI 91-95
L3 91-95
ALEPH 91-95 Prel.
average
17.35±0.41±0.37
17.4±0.3±0.5
17.36±0.27±0
17.31±0.11±0.05
17.37±0.08±0.18
17.325±0.095±0.077
17.342±0.11±0.067
17.319±0.07±0.032
17.331±0.054
Figure 2. Comparison of ALEPH measurement
with published preise results from other experi-
ments for  ! .
tive orretions, one obtains

g

g


2
=





m

m


5
B
e
f(
m
2
e
m
2

)
f(
m
2
e
m
2

)

W


(7)

g

g
e

2
=





m

m


5
B

f(
m
2
e
m
2

)
f(
m
2

m
2

)

W


(8)
where f(
m
2
e
m
2

) = 0:9998, 
W
=
Æ

W
Æ

W
= 1 2:910
 4
,


=
Æ


Æ


= 1 + 8:5  10
 5
, and 
l
is the lepton l
lifetime.
From the present measurements of B
e
, B

, the
 mass [19℄, m

= (1777:03
+0:30
 0:26
) MeV (domi-
nated by the BES result [28℄), the  lifetime [19℄,


= (290:61:1) fs and the other quantities from
Ref. [19℄, universality an be tested:
g

g

= 1:0009 0:0023 0:0019 0:0004 (9)
11.5 12 12.5
B(hν) (%)
CLEO 97
OPAL 91-95
ALEPH 91-95  Prel.
average
11.52±0.05±0.12
11.98±0.13±0.16
11.524±0.07±0.078
11.584±0.076
Figure 3. Comparison of ALEPH measurement
with published preise results from other experi-
ments for  ! h (sum of  and K).
g

g
e
= 1:0001 0:0022 0:0019 0:0004 ; (10)
where the errors are from the orresponding lep-
toni branhing ratio and the  lifetime and mass,
respetively.
4.2.3. - universality from the pioni
branhing ratio
The measurement of B

also permits an inde-
pendent test of  - universality through the rela-
tion

g

g


2
=
B

B
!





2m

m
2

m
3


 
1 m
2

=m
2

1 m
2

=m
2

!
2
Æ
=
; (11)
where the radiative orretion [29℄ amounts to
Æ
=
= 1:0016 0:0014 Using the world-averaged
values for the  and  (

and 

) lifetimes, and
825 26 27 28
B(hpioν) (%)
CLEO 94
OPAL 91-95
ALEPH 91-95 Prel.
average
25.87±0.12±0.42
25.89±0.17±0.29
25.924±0.097±0.085
25.916±0.116
Figure 4. Comparison of ALEPH measurement
with published preise results from other experi-
ments for  ! h
0
 (sum of 
0
 and K
0
).
the branhing ratio for the deay  !  [19℄,
the present result for B

, one obtains
g

g

= 0:9962 0:0048 0:0019 0:0002 ; (12)
omparing the measured value (B

= 10:823 
0:104)% to the expeted one assuming universal-
ity (10:9100:042)%. The quoted errors in Eq. 12
are from the pion mode branhing ratio and the
 lifetime and mass, respetively.
The two determinations of
g

g

obtained from B
e
and B

are onsistent with eah other and an be
ombined to yield
g

g

= 1:0000 0:0021 0:0019 0:0004 ; (13)
where the errors are from the eletron and pion
branhing ratio and the  lifetime and mass, re-
spetively. Universality of the  and  harged-
urrent ouplings holds at the 0.29% level with
about equal ontributions from the present deter-
17.4 17.6 17.8 18 18.2
Be (%)
ALEPH Preliminary
Be ALEPH
Bµ ALEPH
Bpi ALEPH
ττ WA
average
Figure 5. The measured value for B
e
ompared
to preditions from other measurements assuming
leptoni universality. The vertial band gives the
average of all determinations.
mination of B
e
and B

, and the world-averaged
value for the  lifetime.
The onsisteny of the present branhing ratio
measurements with leptoni universality is dis-
played in Fig. 5 where the result for B
e
is om-
pared to omputed values of B
e
using as input B

(assuming e    universality), 

and 

(   
universality), and B

and 

(   universality).
All values are onsistent and yield the average
B
universality
e
= (17:810 0:039) % : (14)
4.2.4. a
1
deays to 3 and 2
0
With the level of preision reahed it is interest-
ing to ompare the rates in the 3 and 2
0
han-
nels whih are ompletely dominated by the a
1
resonane. The dominant  intermediate state
leads to equal rates, but a small isospin-breaking
eet is expeted from dierent harged and neu-
tral  masses, slightly favouring the 2
0
han-
9nel.
A reent CLEO partial-wave analysis of the
2
0
nal state [30℄ has shown that the sit-
uation is in fat muh more ompliated with
many intermediate states, in partiular involv-
ing isosalars, amounting to about 20% of the
total rate and produing strong interferene ef-
fets. A good desription of the a
1
deays was
ahieved in the CLEO study, whih an be ap-
plied to the 3 nal state, prediting [30℄ a ratio
of the rates 3/2
0
equal to 0.985. This value,
whih inludes known isospin-breaking from the
pion masses, turns out to be in good agreement
with the measured value from this analysis whih
shows the expeted trend
B
3
B
2
0
= 0:979 0:018 : (15)
4.2.5. The 
0
branhing ratio in the on-
text of a
had

The 
0
nal state is dominated by the  reso-
nane. Its mass distribution |or better the or-
responding spetral funtion| is a basi ingre-
dient of vauum polarization alulations, suh
as that used for omputing the hadroni ontri-
bution to the anomalous magneti moment of the
muon a
had

. In this ase the  ontribution is dom-
inant (71%) and therefore ontrols the nal prei-
sion of the result. It was proposed in Ref. [31℄ to
use the spetral funtions obtained from the mea-
surement of hadroni  deays in order to improve
the preision of the predition for a
had

. The al-
ulation was later improved with the help of QCD
onstraints for energies above the  mass [32℄ and
even below [33℄.
The normalization of the spetral funtion is
provided by the branhing fration B

0
. The
present world average is ompletely dominated by
the published ALEPH result [2℄. The new result
given here is larger by 0.68%, thus one an expet
a slightly larger ontribution to a
had

.
A new evaluation [34℄ was available, using the
preliminary spetral funtions from the present
analysis, the published CLEO results [35℄ and
new results from e
+
e
 
annihilation from CMD-
2 [36℄. Revision of the CMD-2 results [37℄
prompted a re-evaluation [38℄, whih revealed a
disagreement between the  and e
+
e
 
spetral
funtions. Whereas the  estimate leads to a pre-
dition on the muon magneti moment in agree-
ment with the latest most preise measurement
from the BNL experiment E-821 [39℄, the pre-
dited value using only e
+
e
 
data lies 2.4 stan-
dard deviations below the measurement. In view
of this situation, it is important to hek all the
ingredients, in partiular the determination of the
branhing ratio B

0
.
As most of the systemati unertainty in B

0
omes from =
0
reonstrution, it is interest-
ing to ross hek the results in the 'adjaent'
hadroni modes, i.e. the  and 2
0
hannels.
This is possible if universality in the weak harged
urrent is assumed, leading to an absolute pre-
dition of B

using as input the  lifetime (see
Setion 4.2.2), and by omputing B
2
0
from
the measurement of B
3
whih is essentially un-
orrelated with B

0
(see Setion 4.2.4). The
two omparisons, B

 B
uni

= ( 0:08 0:11)%,
B
2
0
 B
iso
2
0
= (0:06 0:16)%, do not point to
any systemati bias in the determination of B

0
within the quoted unertainty.
4.2.6. Separation of vetor and axial-
vetor ontributions
From the omplete analysis of the  branhing
ratios presented in this paper, it is possible to
determine the nonstrange vetor (V) and axial-
vetor (A) ontributions to the total  hadroni
width, onveniently expressed in terms of their
ratios to the leptoni width, alled R
;V
andR
;A
,
respetively. The determination of the strange
ounterpart R
;S
is already published [9℄.
The ratio R

for the total hadroni width is
alulated from the differene of the ratio of the
total hadroni width and eletroni branhing ra-
tio,
R

=
1 B
e
 B

B
e
=
1
B
e
  1:97257
= 3:642 0:012 : (16)
taking for B(
 
! e
 

e


) the value obtained in
Setion 4.2 assuming universality in the leptoni
weak urrent. Using the ALEPH measurement of
the strange width ratio [9℄, very slightly modied
to take into aount the hannel K
 
 measured
10
by CLEO [40℄
R
;S
= 0:1603 0:0064 ; (17)
the following result is obtained for the nonstrange
omponent
R
;V+A
= 3:482  0:014 : (18)
Separation of V and A omponents in hadroni
nal states with only pions is straightforward.
Isospin invariane relates the spin-parity of suh
systems to their number of pions: G-parity =1
(even number) orresponds to vetor states, while
G=-1 (odd number) tags axial-vetor states. This
property plaes a strong requirement on the eÆ-
ieny of 
0
reonstrution, a onstraint that was
strongly integrated in this analysis.
Modes with aKK pair are not in general eigen-
states of G-parity and ontribute to both V and
A hannels. While the deay to K
 
K
0
is pure
vetor, the situation in the KK mode is not
lear and a onservative axial-vetor fration of
0:750:25 is assumed. For the deays intoKK
no information is available in this respet and a
fration 0:5 0:5 is taken.
The total nonstrange vetor and axial-vetor
ontributions obtained in this analysis are:
R
;V
= 1:787 0:011 0:007 ; (19)
R
;A
= 1:695 0:011 0:007 ; (20)
where the seond errors reet the unertainties
in the V=A separation in the hannels with KK
pairs. Taking are of the orrelations between the
respetive unertainties, one obtains the dier-
ene between the vetor and axial-vetor ompo-
nents, whih is physially related to the amount of
nonperturbative QCD ontributions in the non-
strange hadroni  deay width:
R
;V A
= 0:092 0:018 0:014 ; (21)
where again the seond error has the same mean-
ing as in Eqs. (19) and (20). The ratio
R
;V A
R
;V+A
= 0:026 0:007 (22)
is a measure of the relative importane of non-
perturbative QCD ontributions.
4.3. Summary of branhing frations
The results presented here are ombined with
previously published ALEPH results on nal
states with kaons in Table 4.
5. Spetral funtions
The hadroni mass spetra in the dierent ex-
lusive hannels i are orreted by the appropri-
ate kinemati fator and normalized by B
i
=B
e
in 140 mass bins. The orreted spetra are un-
folded from detetor eets by a regularized inver-
sion of the 140140 detetor response matrix [41℄.
Studies are performed using the full analysis for
every soure of systemati unertainty. Corre-
sponding ovariane matries are built for  and

0
reonstrution, energy alibration and resolu-
tion for harged partiles and 
0
's, traking and
seondary interations, and the unfolding proe-
dure. Spetral funtions are thus obtained for
the leading hannels: 
0
, 2
0
, 3
0
, 4
0
, 3,
3
0
, 32
0
, and 5.
The spetral funtion for the 
0
hannel is
given in Fig. 6, while Fig. 7 shows the onsisteny
between the unfolded mass spetra in the 3 and
2
0
hannels.
The inlusive vetor (V ) and axial-vetor (A)
spetral funtions are determined (Fig. 8). They
are respetively dominated by the low-lying 
and a
1
resonanes and are shown to approah
the smooth QCD predition at larger masses, al-
though they are learly not `asymptoti' at the 
mass. The onvergene to the perturbative QCD
regime is muh better realized for the V +A spe-
tral funtion, as shown in Fig. 9, while the V  A
part in Fig. 10 undergoes large damped osilla-
tions around zero.
The QCD analysis of the nal spetral fun-
tions is in progress.
6. Conlusions
The nal analysis of  deay branhing fra-
tions using all LEP-I data with the ALEPH de-
tetor is presented. As in the publiation based
on the 1991-1993 data it uses a global analysis
of all modes, lassied aording to harged par-
tile identiation, and harged partile and 
0
11
Table 4
A summary list of ALEPH branhing ratios (%).
The labels V , A and S refer to the nonstrange
vetor and axialvetor, and strange omponents,
respetively. The ! deay modes marked (*) are
eletromagneti (
0
; 
+

 
).
mode B 
tot
[%℄ ALEPH prelim.
e 17.837  0.080
 17.319  0.077

 
10.828  0.105 A

 

0
25.471  0.129 V

 
2
0
9.239  0.124 A

 
3
0
0.977  0.090 V

 
4
0
0.112  0.051 A

 

 

+
9.041  0.097 A

 

 

+

0
4.590  0.086 V

 

 

+
2
0
0.392  0.046 A

 

 

+
3
0
0.013  0.010 V
3
 
2
+
0.072  0.015 A
3
 
2
+

0
0.014  0.009 V

 

0
 0.180  0.045 V
(3)
 
 0.039  0.007 A
a
 
1
(! 
 
) 0.040  0.020 A

 
! (*) 0.253  0.018 V

 

0
! (*) 0.048  0.009 A
(3)
 
! (*) 0.003  0.003 V
K
 
K
0
0.163  0.027 V
K
 

0
K
0
0.145  0.027 (75 25)% A

 
K
0
K
0
0.153  0.035 (75 25)% A
K
 
K
+

 
0.163  0.027 (75 25)% A
(KK)
 
0.05  0.02 (50 50)% A
K
 
0.696  0.029 S
K
 

0
0.444  0.035 S
K
0

 
0.917  0.052 S
K
 
2
0
0.056  0.025 S
K
 

+

 
0.214  0.047 S
K
0

 

0
0.327  0.051 S
(K3)
 
0.076  0.044 S
K
 
 0.029  0.014 S
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Figure 6. The 
 
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spetral funtion tted using
the Gounaris-Sakurai parametrization with on-
tibutions from the , ', and " resonanes.
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 modes.
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multipliity up to 4 
0
's in the nal state. Major
improvements are introdued with respet to the
published analysis and a better understanding is
ahieved, in partiular in the separation between
genuine and fake photons. As modes with kaons
(K

, K
0
S
, andK
0
L
) have already been studied and
published with the full statistis, the nonstrange
modes without kaons are emphasized. Taken to-
gether these results provide a omplete desrip-
tion of the  deay modes up to 6 hadrons in the
nal state.
The measured branhing ratio values are inter-
nally onsistent and agree with known onstraints
from other measurements in the framework of the
Standard Model. The preision reahed and the
ompleteness of the results are for the moment
unique. More speially, the results on the lep-
toni and pioni frations lead to powerful tests
of universality in the harged leptoni weak ur-
rent, showing that the e       ouplings are
equal within 2-3 per mille. The branhing ra-
tio of  ! 


0
, whih is of partiular inter-
est to the aurate determination of vauum po-
larization eets, is determined with a preision
of 0.5% to be (25:47  0:13) %. Also the ratio
of a
1
branhing frations into 2
0
and 3 nal
states is measured to be 0:979 0:018, in agree-
ment with expetation from partial wave analyses
of these deays. Separating nonstrange hadroni
hannels into vetor (V) and axial-vetor (A)
omponents and normalizing to the eletroni
width yields the ratios R
;V
= 1:787  0:013,
R
;A
= 1:695  0:013, R
;V+A
= 3:482  0:014
and R
;V A
= 0:092 0:023.
The spetral funtions for the main hadroni
modes have been extrated from the mass distri-
butions. The separated vetor and axial-vetor
omponents are the basi input for QCD analy-
ses and vauum polarization alulations.
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